The aim of this study was to examine tumor necrosis factor-α (TNF-α) expression and Kupffer cell activation in hepatotoxicity caused by microcystin-LR (MCLR). Mice received a single intraperitoneal injection of 60.0 µg/kg MCLR and were killed at several time points within 24 hours. MCLR caused hemorrhage within 7 hours, followed by hepatocellular necrosis and apoptosis. A real-time quantitative reverse-transcription polymerase chain reaction demonstrated that the level of TNF-α mRNA was 2.3-fold higher than in the controls at 17 hours. The number of TNF-α-immunopositive nonparenchymal cells was 2.6-and 7.7-fold greater than that in the controls at 7 and 17 hours, respectively, and they frequently infiltrated into necrotic areas, probably in association with neutrophil recruitment. Some apoptotic hepatocytes were immunopositive for cleaved caspase-3. To inactivate Kupffer cells, mice were pretreated with a single intravenous injection of gadolinium chloride (GdCl 3 , 2 mg/mouse). That brought about the apoptosis of sinusoidal cells, which indicated Kupffer cell depletion. GdCl 3 pretreatment attenuated MCLR-induced hepatocellular apoptosis by 68%, and likely decreased hepatocellular necrosis. These results suggest that Kupffer cell activation, represented by enhanced TNF-α expression, is involved in the progression of MCLR-induced hepatotoxicity in mice. (J Toxicol Pathol 2001; 14: 259-265) 
Introduction
Microcystins (MCs) are cyclic heptapeptides produced by some species of freshwater cyanobacteria such as Microcystis aeruginosa. In human and a number of animal species, exposure to microcystin (MC) resulted in liver failure and death, raising significant public health concerns 1, 2 . Indeed, enzyme-linked immunosorbent assays have revealed widespread MC contamination of various recreation and drinking water sources 3, 4 and dietary supplements 5 . In a disastrous 1996 incident in Caruaru, Brazil, more than 100 hemodialysis patients developed liver failure with microcystin-LR (MCLR), one of the MC groups most toxic, confirmed in the patient's serum and liver, and about half of them died 6, 7 . MCs inhibit the activity of protein phosphatases 1 and 2A (PP1/2A), which may play a pivotal role in hepatotoxicity, and they are potent hepatic tumor promoters 1, 2 . A single administration of MCLR to mice causes intrahepatic hemorrhage and death within a few hours. Livers of mice that survive 24 hours show hepatocellular necrosis and apoptosis [8] [9] [10] . In our previous study, liver injuries occur in association with intralobular distribution of MCLR that is demonstrated by immunohistochemistry with anti-MC monoclonal antibody 11 . MCLR predisposition as a mechanism of liver injuries is, however, insufficient to account for the development of hepatocellular necrosis and apoptosis 12 . In the liver, enhanced production of tumor necrosis factor-α (TNF-α), which is released mainly from Kupffer cells, plays a critical role in the initiation of injuries and cell proliferation [13] [14] [15] [16] . Although evidence regarding the role of TNF-α in the pathogenesis of MCLR toxicity is not fully understood, only one animal study is available regarding the potential pathological effect. Intraperitoneal injection of a crude extract of Microcystis aeruginosa K-139 strain causes up-regulation of serum TNF-α in mice in 30 minutes; pretreatment with TNF-α antiserum prevents some of the liver damage and protects against death 17 . Cultured mouse peritoneal macrophages produce TNF-α in the presence of an extract from the toxic K-139 strain and 7-desmethyl-MCLR purified from K-139 strain in a dosedependent manner, while the macrophages hardly produce TNF-α in the presence of an extract of nontoxic K-17 strain. Little attention, however, has been paid to the expression and distribution of TNF-α in the liver.
The objective of the present study was to examine the expression of TNF-α in the liver from mice 24 hours after MCLR administration by a real-time quantitative reversetranscription polymerase chain reaction (RT-PCR) and immunohistochemistry. Because TNF-α-mediated apoptosis depends on the action of effector caspases such as caspase-3 14 , we also analyzed cleaved (active form) caspase-3. Moreover, we determined if pretreatment with gadolinium chloride (GdCl 3 ) would, as a consequence of Kupffer cell inactivation 16 , modify hepatic injury after MCLR challenge.
Materials and Methods

Animals and treatments
Fifteen female Balb/c mice were purchased from CLEA Japan Inc. (Shizuoka) and 20 female ICR (Crj:CD-1) mice were purchased from Charles River Japan, Inc. (Kanagawa). They were kept in a barrier-sustained animal room controlled at suitable temperature (24 ± 2°C), humidity (55 ± 15%), ventilation (all-fresh-air system), and illumination (12-hour-light-dark cycle). They were housed in groups of 5 per cage and provided with pelleted diet (Oriental MF, Oriental Yeast Co., Tokyo) and tap water ad libitum. All animals were handled in accordance with the Guidelines for Animal Experimentation issued by the Japanese Association for Laboratory Animal Science 18 . The purity of MCLR was more than 95% by high performance liquid chromatography (HPLC). The concentration of MCLR solution given to mice was confirmed by HPLC.
For the observation of the time-related changes induced by MCLR, 15 nine-week-old Balb/c mice were injected intraperitoneally with 60.0 µg/kg MCLR dissolved in saline as previously described 12 . The animals were killed by exsanguination at 7 and 17 hours (n=5 at each time point) under anesthesia. Control mice (n=5) received saline alone and were killed 30 minutes later, just before the treated mice received MCLR (0 hour).
For the examination of the effect of GdCl 3 on MCLR hepatotoxicity, 20 nine-week-old ICR mice were divided into 2 groups of 10; one group received a single intravenous injec tion of 2 mg GdCl 3 dissolved in saline as a pretreatment 19 ; the other group received saline alone. At 24 hours after the pretreatment, each group was divided into 2 su b g r o u p s; h a lf of th e m i c e i n e a c h wer e g iv e n intraperitoneally 60 µg/kg MCLR dissolved in saline, and the other half were given saline alone. The mice were killed under anesthesia at 24 hours after MCLR or saline injection.
For the examination of liver effects, samples from the midportion of the left and median lobes were fixed in 10% neutral buffered formalin and embedded in paraffin. For the time-course study, portions of the lobes were embedded in Tissu Mount (Chiba Medical, Saitama) and frozen with dry ice-ethanol for immunohistochemistry. The rest of the tissue was immediately frozen and stored at -80°C until used for RNA isolation.
Histopathology, TUNEL, and immunohistochemistry
Paraffin-embedded sections were stained with hematoxylin and eosin for routine histology and for applied terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) with an Apoptag in situ apoptosis detection kit (Intergen Company, Purchase, NY) 20 . To observe neutrophils, we performed a modified AS-D chloroacetate procedure 2 1 . For cleaved caspase-3 immunohistochemistry, paraffin-embedded sections were deparaffinized, washed in phosphate buffered saline at pH 7.2, and pretreated with microwaves in 0.1 M citrate buffer at pH 6.0 for 10 minutes. They were incubated in 4% Block Ace solution (Dainippon Pharmaceutical Ltd., Osaka) for 20 minutes at room temperature, and then at 4°C overnight in anti-cleaved caspase-3 (17 kDa) rabbit polyclonal antibody (Cell Signaling Technology, Beverly, MA) diluted 1:50. For TNF-α immunohistochemistry, fresh-frozen sections were fixed in acetone for 10 minutes at room temperature and washed in 0.1M Tris buffer at pH 7.4. To reduce nonspecific staining, they were incubated at room temperature in 4% Block Ace solution for 20 minutes and a biotin-avidin blocking kit (Vector Laboratories, Burlingame, CA) for 15 minutes. The sections were incubated in anti-TNF-α rabbit polyclonal antibody (ENDOGEN, Woburn, MA), diluted 1:400, at 4°C overnight. Bound antibody was detected by an avidin-biotin-complex method with biotinylated rabbit IgG, streptoavidin (SA)-horseradish peroxidase conjugate (Vector Laboratories), and substrate, 3,3'-diaminobenzidine for cleaved caspase-3 or with biotinylated rabbit IgG, SAalkaline phosphatase conjugate (Vector Laboratories), and substrate, New fucsin (Dako Corp., Carpinteria, CA) containing levamisole (DAKO Corp.) for TNF-α. Finally, all sections were counterstained with hematoxylin. No specific immunoreactivity was observed when the primary antibodies were omitted. Red designated positive reactions for AS-D chloroacetate and anti-TNF-α antibody, and brown designated positive reactions for TUNEL and anticleaved caspase-3 antibody.
Morphometry
For the time-course study, we used 0-, 7-and 17-hour liver samples and counted the number of TNF-α-immunopositive non-parenchymal cells in 50 microscope fields (6.1 mm 2 ) per animal at × 400 magnification by superimposing a stereological grid (7 × 7 mm); results were expressed as cells/mm 2 . For the GdCl 3 pretreatment study, to determine the effect of MCLR, the number of TUNELpositive hepatocyte nuclei per at least 1000 hepatocyte n u c l e i ( T U N E L i n d e x o f h e p a t o c y t e , % ) w a s microscopically quantified in the centrilobular and midlobular regions. To determine the effect of GdCl 3 , the number of TUNEL-positive nuclei in sinusoidal cells per at least 1000 sinusoidal cell nuclei (TUNEL index of sinusoidal cell, %) was also counted at random within a lobule. Necrotic areas were measured by manual tracing with the aid of a LUZEX III image analysis system (Nireco Co., Tokyo), and the fraction (%) occupied by necrotic areas per liver section was determined.
Real-time quantitative RT-PCR
We isolated total RNA from 0-, 7-and 17-hour liver samples according to ISOGEN (Nippon gene, Toyama) instructions, reverse-transcribed 100 ng into cDNA with TaqMan Reverse Transcription Reagent (PE Applied BioSystems, Foster City, CA), and stored the product at -20°C until use. We carried out real-time quantitative PCR (TaqMan PCR) using an ABI PRISM™ 7700 Sequence Detection System and a TaqMan Universal PCR Master Mix (PE Applied BioSystems). We used each 2 µl of the first strand of cDNA for quantitation of TNF-α and GPADH mRNAs with Pre-Developed TaqMan Assay Reagents (Murine TNF alpha) and TaqMan Rodent GAPDH Control Reagents (PE Applied BioSystems). The conditions for the TaqMan PCR were one cycle at 95°C for 10 minutes followed by 50 cycles at 95°C for 15 seconds and 60°C for 1 minute. We applied the relative kinetic method using a standard curve 22 , as shown in Fig. 1 . To obtain the standard curve, 17 hours after treating mice we serially diluted 25:5:1 mixed samples from 5 of them corresponding to 5.0, 1.0, and 0.2 µl of cDNAs, respectively. We used the plots to determine the threshold cycle (C T ), i.e., the PCR cycle at which an increase in reporter fluorescence (∆Rn) above the line of the optimal value (optimal Rn) was first detected. The standard curve plotted C T versus relative gene expression (25:5:1). We also obtained a standard curve for GAPDH. Relative gene expression was calculated for unknown samples by first quantifying GADPH mRNA and then TNF-α mRNA, both by standard curves. The expression levels of TNF-α mRNA were shown as the TNF-α:GAPDH mRNA ratio.
Statistical analysis
Data are represented as means and standard deviation. The data on TNF-α:GAPDH mRNA ratio and the number of TNF-α-immunopositive cell were analyzed by KruskalWallis one-way analysis of variance (ANOVA) followed by Steel's nonparametric multiple comparison test between the control group at 0 hour and the treatment group at each time point. The TUNEL index of hepatocyte or sinusoidal cell and necrotic area fraction were analyzed by two-way ANOVA followed by Tukey's multiple comparison test. A p value below 0.05 was judged statistically significant.
Results
Time-related hepatic changes
In the liver, MCLR caused centrilobular hemorrhage within 7 hours of dosing and then hepatocellular necrosis and apoptosis in the centrilobular and midlobular regions at 17 hours, as previously described 12 . Neutrophils positive for AS-D chloroacetate markedly infiltrated into necrotic foci. TUNEL-positive hepatocellular apoptosis was present in the centrilobular and midlobular regions, often associated with h e p a t o c e l l u l a r n e c r o s i s .
C l e a v e d c a s p a s e -3 immunoreactivity was found only in apoptotic hepatocytes, wh i ch s h o w e d c h r o m at in c o n d e n s a ti o n , n u c l ea r fragmentation, and cytoplasmic condensation in the centrilobular and midlobular regions (Fig. 2a) and at the margin of necrotic foci (Fig. 2b) .
Expression of TNF-α
The hepatic TNF-α:GAPDH mRNA ratio was 50% higher than the control at 7 hours but this was not significantly different, while the ratio was of significantly 2.3-fold higher value at 17 hours (Fig. 3a) . The number/mm of TNF-α-immunopositive non-parenchymal cells was 2.6 times the control value at 7 hours and 7.7 times the control value at 17 hours (Fig. 3b) . These cells were scattered throughout the lobules at each time point (Fig. 3c) and also frequently observed within necrotic areas.
Effects of GdCl 3 on MCLR liver injury
At 48 hours after GdCl 3 treatment, mineralized polygonal sinusoidal cells, which seemed consistent with Kupffer cells, were frequently observed. GdCl 3 caused a significant 2.8-fold increase in TUNEL index of sinusoidal cells that was related to Kupffer cell disruption (Figs. 4a, b) . A similar magnitude of increase in TUNEL index, 1.6-fold, was also observed in mice after cotreatment of GdCl 3 and MCLR. Blockade of Kupffer cells by GdCl 3 pretreatment significantly attenuated MCLR-induced hepatocellular apoptosis (Fig. 5a) by 68%, and likely, but not significantly, decreased hepatocellular necrosis (Fig. 5b) .
Discussion
This study illustrated a role for TNF-α in the liver toxicity induced when MCLR was given to mice. Quantitative assessment of TNF-α mRNA demonstrated that this cytokine was up-regulated and associated with the development of post-hemorrhagic changes, i.e., necrosis and apoptosis. A number of previous studies have shown that MCLR causes hemorrhagic sinusoidal breakdown in rats and mice [8] [9] [10] that is presumed to be caused by inhibition of PP1/ 2A and subsequent hyperphosphorylation of cytokeratins . Little, however, is known about how hepatocellular necrosis and apoptosis take place subsequent to the sinusoidal changes 9, 12 . TNF-α mRNA up-regulation may correlate with the increase in population of TNF-α-immunopositive non-parenchymal cells, which seemed to correspond to the infiltration of macrophages and the activation of Kupffer cells that was recently reported by an electron microscopic study 24 . TNF-α has been shown to directly or indirectly (via neutrophil mediation) induce damage of endothelial cells and neighboring parenchymal cells, inducing a response that may be linked to the production of reactive oxygen species (ROS) 15, 16 . TNF-α-mediated tissue injury in this study was partly in accord with the previous study that suggested that the inflammatory reaction plays a major role in the generation of oxidative stress in rats that had undergone prolonged exposure to this toxin 25 . The binding of TNF-α to death receptors or the targeting of mitochondria by ROS is recognized as a sign of activated executioner caspases, including caspase-3 14 . MCLR causes rapid apoptosis within 2 minutes (16 mM/L) or 30 minutes (1 mM/L) in vitro when mediated by ROS generation and PP1/2A inhibition followed by caspase-3 activation 26, 27 . It has been suggested that phosphatase inhibitors, including MCLR, might have evolved an ability to provide a short-cut to the apoptotic pathway 26 . The present study demonstrated that caspase-3-dependent apoptosis could occur in combination with up-regulation of TNF-α in vivo. Immunohistochemical labeling of cleaved caspase-3 can identify cells in which activation of the rapid apoptosis pathway has taken place 28 . In contrast to the in vitro situation, where apoptosis is a rather early event in MCLR toxicity, apoptosis in vivo seems to be a later event, occurring after hemorrhagic changes 12, 29 . Because it is most likely that late apoptosis follows from MCLR-PP1/2A adduct formation rather than PP1/2A inhibition 29 , it is probable that apoptosis in vivo is associated with TNF-α in addition to MCLR-PP1/2A adduct formation.
It is generally accepted that Kupffer cell is a main source of TNF-α. A single intravenous injection with GdCl 3 leads to (a) prominent depletion of KCR mRNA specific to Kupffer cells, (b) immunoreactivity for ED1/ED2, which are markers for Kupffer cells and macrophages, and (c) phagocytic activity in the liver for 12 hours to about 3 days 30, 31 . The present study demonstrated that GdCl 3 increased the TUNEL index of sinusoidal cells, which might be consistent with an increase in mineralized Kupffer cells, possibly due to the deposition of insoluble Gd hydroxide colloid 32 . The colloid inhibits Ca 2+ channels, which leads to Kupffer cell disruption 31 . Blockade of Kupffer cells by Gd Cl 3 p re t r e a t m e n t a m e l i o r a t e d M C L R -i nd u c e d hepatocellular damage. The results suggested that Kupffer cells might be partially responsible for the development of hepatocellular necrosis and apoptosis following MCLR challenge.
In conclusion, the present results suggested that hepatocellular damage in MCLR-exposed mice might occur in association with expression of TNF-α. Kupffer cell depletion resulted in alleviation of the hepatocellular damage, indicating a critical role for Kupffer cells in the progression of MCLR hepatotoxicity.
